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Abstract 26 Epithelial cells have a polarised distribution of protein complexes on the lateral 27 membrane and are present as a polygonal array dominated by hexagons. Metazoan 28 embryogenesis enables the study of temporal formation of the polygonal array and 29 mechanisms that regulate its distribution. The plasma membrane of the syncytial 30 Drosophila blastoderm embryo is organized as a polygonal array during cortical division 31 cycles with an apical membrane and lateral furrow in between adjacent nuclei. We find 32 that polygonal plasma membrane organization arises in syncytial division cycle 11 and 33 hexagon dominance occurs with increase in furrow length in cycle 12. This is coincident 34 with DE-cadherin and Bazooka enrichment at edges and the septin, Peanut enrichment 35 at vertices of the base of the furrow. DE-cadherin depletion leads to loss of hexagon 36 dominance. Bazooka and Peanut depletion leads to a delay in occurrence of hexagon 37 dominance from nuclear cycle 12 to 13. Hexagon dominance in Bazooka and Peanut 38 mutants occurs with furrow extension and correlates with increase in DE-cadherin in 39 syncytial cycle 13. We conclude that a change in polarity complex distribution leads to 40 loss of furrow stability thereby changing the polygonal organization of the blastoderm 41 embryo.
Introduction 51 52 Epithelial cells are organised in a polygonal array in various tissues across 53 metazoans. Hexagon dominated polygonal packing is a conserved property of all 54 epithelia across various organisms ranging from the diploblastic Hydra to the 55 triploblastic Xenopus (Gibson et al., 2006) . The epithelial cell plasma membrane (PM) 56 has polarized distribution of protein complexes which allows it to segregate into apical, 57 lateral and basal domains. The Bazooka-Crumbs and Scribble polarity complexes are 58 localized to the apical and basolateral domains, respectively (Laprise and Tepass, 59 2011). In columnar epithelial cells, the lateral membrane domain may account for up to 60 60% of the total cell surface area (Tang, 2017) . The lateral membrane domains of 61 neighbouring cells adhere to each other with the help of various junctional complexes, 62 thus, contributing to the epithelial cell height. The sub-apical adherens junctions, 63 comprising the E-cadherin plays a significant role in lateral membrane adhesion. 64 Asymmetric distribution of these polarity complexes is important for cell shape, tissue 65 integrity and tissue remodelling (Bilder and Perrimon, 2000; Hayashi and Carthew, 66 2004; Letizia et al., 2013) . 67 Hexagon dominance, a key feature of several epithelia, has been seen to evolve 68 over developmental stages. For example, in the wing disc of D. melanogaster, there is 69 an increase in the percentage of hexagons from 60% to 80% from larval to pupal 70 stages, although the distribution is hexagon dominated from the very beginning 71 (Classen et al., 2005; Sánchez-Gutiérrez et al., 2013) . Various molecular and physical 72 factors influence polygonal distribution. Most theoretical models use surface free energy 73 minimization as the constraint that leads to hexagonal packing. Surface energy 74 minimization for a group of epithelial cells is a cumulative result of minimizing the 75 surface area of each cell exposed to the surrounding while maximizing contacts 76 between them, similar to molecules in a fluid bulk (Lecuit and Lenne, 2007) . One of the 77 most common molecular factors regulating this distribution is the junctional molecule E-78 cadherin (E-cad). DE-cad (Drosophila E-cad) stabilization due to decrease in turnover in 79 endocytic mutants results in decreasing the frequency of hexagons in Drosophila wing 80 discs. This E-cad recycling is shown to be regulated by planar cell polarity (PCP) 81 4 proteins and the loss of PCP proteins, in turn, shows a decrease in the number of 82 hexagons in the epithelium (Classen et al., 2005; Iyer et al., 2019) . In animal cell 83 cultures, it has been observed that loss of ROCK1 and ROCK2, which are important 84 regulators of Myosin II activity, result in shortening of lateral cell height and decrease in 85 the percentage of hexagons (Kalaji et al., 2012) . Thus, one of the by-products of polarity 86 might be stability of the lateral membrane and hexagon dominance. 87 Metazoan embryogenesis shows the onset of epithelial-like polarity and 88 formation of a polygonal array (Nance, 2014) . A systematic analysis of onset of 89 polygonal packing and the factors that determine this in embryogenesis has not been 90 characterized thus far. In this study we use the syncytial Drosophila blastoderm embryo 91 to characterize the temporal onset of polygonal packing and the role of polarity proteins 92 in regulating its dynamics. Nuclear division cycles (NC) 1-9 occur deep in the interior of 93 the Drosophila syncytial blastoderm embryo followed by nuclear migration to cortex 94 during NC10 (Foe and Alberts, 1983; Miller et al., 1985) . The arrival of the nuclei can be 95 seen as buds called caps at the cortex (Foe and Alberts, 1983; Miller et al., 1985) . In 96 terms of morphological features, the caps are enriched in multiple villi-like projections 97 (Turner and Mahowald, 1976; Miller et al., 1985; Karr and Alberts, 1986; Mavrakis et al., 98 2009). Nuclear division cycles 11-13 occur beneath the cortex and these projections are 99 reduced at metaphase of each cortical nuclear cycle when the caps are flattened 100 (Turner and Mahowald, 1976) . Complete cells that are epithelial in nature are formed in 101 NC14 by extension and polarization of the plasma membrane in a process called 102 cellularization (Lecuit, 2004) . 103 The syncytial Drosophila embryo also shows asymmetric distribution of various 104 polarity and cytoskeletal proteins. To begin with, the Drosophila embryo is cortically 105 uniform at the pre-blastoderm stage. (Pesacreta et al., 1989; Thomas and Williams, 1999; Foe et al., 2000; Stevenson et al., 116 2002; Zallen et al., 2002; Mavrakis et al., 2009; Rikhy et al., 2015; Sherlekar and Rikhy, 117 2016; Schmidt and Grosshans, 2018; Schmidt et al., 2018) . 118 The syncytial Drosophila blastoderm embryo already shows molecular and 119 morphological asymmetries in the PM along with a polygonal array but how these 120 regulate the distribution and dynamics of the polygonal array remain to be investigated. 121 Here, we assess the role of polarity proteins in regulating the polygonal PM 122 organization. We find that the PM of the embryo is organised as a hexagon dominated Drosophila embryo (Britton et al., 2002; Sherlekar and Rikhy, 2016) . We used the 140 packing analyzer software to estimate the polygon distribution from metaphase of each 141 NC ( Figure 1A ). The nucleo-cytoplasmic domains of the syncytial Drosophila embryo have 143 decreased diffusion of organelles and PM proteins across adjacent domains (Frescas et 144 al., 2006; Mavrakis et al., 2009 ). Hence we refer to these as "syncytial cells". The 145 syncytial cells were relatively far apart in metaphase of NC10 and seen as separated 146 caps at the embryo surface ( Figure 1B , Movie S1). The furrow length increases during 147 each cycle from NC11 to 13 from interphase to metaphase in between adjacent nucleo-148 cytoplasmic domains and it reaches a maximum at metaphase during syncytial cycle 13 149 (Foe and Alberts, 1983; Holly et al., 2015; Xie and Todd Blankenship, 2018) . The PM 150 was organized into a polygonal array for the first time in Drosophila embryo 151 development in NC11 ( Figure 1B) . The PM in the polygonal array in NC13 and 14 was 152 more taut as compared to NC11 and 12. NC11 at metaphase showed almost equal 153 numbers of pentagons and hexagons in the polygonal array. The polygonal array then 154 became dominated by hexagons followed by pentagons in NC12. This hexagon 155 dominance persisted in NC13-14 ( Figure 1C -D). While observing the onset of formation 156 of the polygonal array, we noted that edges formed before vertices in NC11 ( Figure 1E ). 157 The furrow length in nuclear division cycles increases from NC11 to 13 (Holly et 158 al., 2015) . We found that the furrow length was approximately 7 μ m in NC11, 9 μ m in 159 NC12 and 11 μ m in NC13 with tGPH ( Figure 2 ). Polygonal architecture is also visible at 160 lower furrow lengths in each NC. We chose to analyze the polygon distribution at a 161 lower length of approximately 6.5 μ m in NC12 and NC13 when polygonal architecture 162 was clearly visible across the embryo. We found that at this furrow length in NC12, 163 pentagons were dominant, whereas in NC13 hexagons were dominant (Figure S1A-C). 164 These data together show that epithelial-like hexagon dominance first occurs at NC12 165 at longer furrow lengths in metaphase, even before complete cells are formed in the 166 syncytial division cycles. . 188 We found that DE-cad was uniform across edges and vertices in NC11 and 12 189 and was enriched at edges in NC13 ( Figure 2B We estimated the fold change of total DE-cad, Baz and Pnut fluorescence on the 205 PM across the syncytial cycles as compared to NC11. We found that the total intensity 206 of DE-cad along the metaphase furrow in NC13 as compared to NC12 increased 207 significantly greater than that of Baz and Pnut ( Figure 2F " compared to 2G"-H"). This 208 variation in distribution across the syncytial cycles may have implications on the role of 209 these proteins in the formation and stabilization of furrows and polygonal architecture. 210 We assessed the presence of polarity proteins Crumbs, Stardust, Dlg, Scrib and Bazooka and Peanut depletion leads to delayed onset of hexagon dominance and 260 short furrows in the syncytial blastoderm embryo 261 We analyzed polygonal distribution in Baz and Pnut knockdown embryos, by live 262 imaging mutant embryos expressing tGPH and with phalloidin staining. We found that 263 baz i and pnut XP ( Figure 4A and Pnut mutant embryos showed a recovery of hexagon dominance in NC13, we 319 estimated whether hexagon dominance occurred as a function of furrow length in NC13. 320 We plotted the distribution of polygons and ratio of pentagons to hexagons in controls, 321 Baz and Pnut mutant embryos with respect to furrow length. For control embryos, we 322 found that hexagon dominance was present as soon as the polygonal array was 323 established in NC13 at 6.5 µm and remained the same until metaphase ( Figure 6A-F) . 324 Interestingly, Baz and Pnut mutants showed pentagon dominance at the start of NC13 325 in interphase and showed hexagon dominance at the maximum furrow length in NC13 326 ( Figure 6A-F) . In summary, the recovery to hexagon dominance in NC13 in both Baz 327 and Pnut knockdown embryos was furrow length dependent. It is possible that 328 12 increased recruitment of polarity complexes occurred at increased furrow length and 329 this allowed the membranes to stabilize to give rise to hexagon dominance. is needed for cap expansion followed by Myosin II which leads to cap buckling for the 337 formation of furrows (Stevenson et al., 2002; Zhang et al., 2018) . Also Anillin-Pnut 338 networks have been found to play a redundant function to Myosin II in furrow initiation 339 (Zhang et al., 2018) . Septins have also been found crucial for bundling actin into curved 340 bundles in cellularization (Mavrakis et al., 2014) . Our data shows that furrow formation 341 is affected in embryos depleted of DE-cad possibly due to lack of adhesion and 342 stabilization of furrows. We find that loss of DE-cad leads to increase in pentagons. 343 Thus, it is possible that change in levels of Myosin II and/or DE-cad levels at the furrow 344 leads to recovery of hexagon dominance in Baz and Pnut mutant embryos. 345 We hence imaged Myosin II and DE-cad dynamics in Baz, Pnut and DE-cad in Baz, Pnut and DE-cad depleted embryos in metaphase similar to controls (data not 360 shown). 361 DE-cad levels were next estimated in Baz and Pnut mutant embryos by 362 expressing DE-cad-GFP in these mutant embryos. We found that Baz and Pnut 363 embryos did not show a significant change in DE-cad levels as compared to controls in 364 NC12. We next represented the total DE-cad fluorescence in NC13 as a ratio to NC12 365 and found that there was a distinct increase in DE-cad levels in Baz and Pnut depleted 366 embryos as compared to controls ( Figure 7F,F',I) . 367 In summary, we observe that loss of DE-cad leads of loss of hexagon dominance 368 ( Figure 5 ) and increase of DE-cad in Baz and Pnut depleted embryos correlates with 369 occurence of hexagon dominance during NC13 (Figure 4,7) . syncytial cells, we should have obtained a phenotype of complete loss of furrow but we 391 only saw a severe reduction in furrow length. We argue that this could be due to inability 392 to deplete DE-cad completely with the RNAi strategy. Also it could be due to the 393 presence of other proteins that are responsible for keeping the furrow membrane 394 adhered to each other. We tested for the occurence of other transmembrane proteins 395 such as Crumbs, Neuroglian and Neurexin (Harris and Peifer, 2004; Laprise et al., 396 2009) and did not find them to be present on the furrow in syncytial embryos. Future 397 analysis of more such cadherin-like adhesion molecules such as Echinoid may be 398 useful in this direction (Wei et al., 2005) . 399 Increase in DE-cad is known to occur due to the loss of endocytosis and 400 recycling in the Drosophila wing disc epithelium (Classen et al., 2005; Iyer et al., 2019) . (Müller and Wieschaus,1996; Harris and Peifer, 2004; (Pilot et al., 2006) ) 411 but is dispensable in follicle epithelial cells (Shahab et al., 2015) . Conversely, in 412 mesoderm invagination, apical movement of DE-cad precedes Baz relocation and thus, 413 the asymmetry in DE-cad distribution here does not depend on Baz (Weng and 414 Wieschaus, 2017) . This is similar to mammalian cells where E-cad is recruited to 415 contact points before Baz (Coopman and Dijane, 2016) . This suggests that depending 416 on the tissue type or developmental stage, the relative importance of Baz and E-cad in 417 initiating polarity may change. We show that DE-cad is important for distribution of Baz 418 and Pnut to the furrow. As mentioned above, we were unable to identify the presence of 419 other transmembrane junctional proteins, and in such a scenario, DE-cad is likely to 420 assume a significant role in furrow formation in the Drosophila syncytial blastoderm 421 15 embryo. 422 Asynchronous cell division in Drosophila wing disc epithelia is one of the 423 mechanisms that gives rise to a hexagon dominated and energy minimized network 424 (Gibson et al., 2006) . It is of interest to note that synchronous division in the syncytial 425 Drosophila blastoderm embryo also reaches a similar hexagon dominance in NC12. 426 Decreased number of edges in the polygonal array is a favorable state for cell neighbor 427 exchanges and gives rise to a soft network (Farhadifar et al., 2007) . The increase in Acknowledgements 440 We thank Mandar Inamdar (IIT, Bombay, India) for discussions on this work. We 441 thank the RR lab members for comments and discussion on the data in the manuscript. 442 We thank the Drosophila and Microscopy facilities at IISER, Pune, India for help with 443 stocks and microscopy for the experiments. We thank Benoit Aigouy for sharing the 444 Packing analyzer software. We thank Andreas Wodarz for Bazooka antibody and 445 Bazooka domain truncation stocks. We thank Manos Mavrakis for peanut mutant stocks 446 and Sep1 and 2 antibodies. BD, DM, and AS thank CSIR for graduate fellowship. RR 447 thanks IISER, Pune, DBT and DST for funding to the lab. RB and TD thank KVPY for 448 fellowship. showing the pentagon to hexagon ratio of control, baz i and pnut i embryos at NC13 at a 577 short furrow length of 6.5 µm and at metaphase (F). Data is represented as mean + SD, 578 *p<0.05, **p<0.01, and ***p<0.001, Two tailed, unpaired Student's t test. 
